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Abstract 
CO preferential methanation catalysts were prepared by different methods for CO deep removal in reformat. The 
effects of Ru loading, impregnation times, calcination temperature and washing on the performance of catalyst were 
investigated in this paper. CO chemisorption was employed to character the catalyst. The optimal Ru loading is 0.8 
wt.% for CO preferential catalyst. The active metal dispersion on catalyst could be increased when catalyst was 
impregnated for several times. Thus catalyst performance is improved in large degree. It is better for the catalyst 
calcined at low temperature than that in high temperature. Washing by de-ioned water could remove the residual Cl 
element after the catalyst calcined at certain temperature, which is helpful to increasing the activity of catalyst. For 
the CO deep removal in reformat, outlet CO content could reach below 10 ppm when inlet CO content is 0.1% with 
temperature breadth of 60 qC over Ru/Al2O3 catalyst. The catalyst is suitable for the CO deep removal in H2-rich 
reformat gas for PEMFC system. 
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1. Introduction 
Hydrogen production in the field from natural gas is one of key factors for the industrialization of 
distributed PEMFC power station [1]. Amount of CO generation is unavoidable during hydrogen 
production through natural gas steam reforming route. A small amount of CO could cause the poison of 
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PEMFC electrodes and decrease the power generation efficiency and PEMFC service life [2]. Thus, CO 
deep removal as exist of CO2 in H2-rich gas is a key technique. Usually CO should be removed below 10 
ppm (V/V).  
CO removal methods include membrane separation, pressure swing adsorption, CO preferential 
oxidation and methanation et al [3].  More attention has been given to CO preferential methanation 
because of its simple process, easily control.  CO preferential methanation catalyst has significant effect 
on the activity and selectivity of CO deep removal. Usually, the activity and selectivity are employed to 
evaluate the catalyst performance. For small-scale distributed power system, because of control precision 
limit, the larger working temperature breadth is, the better catalyst performance is, which could be more 
suitable for the working station of repetitive starting and stop [4].    
CO methanation is a strongly exothermic reaction, thus it is helpful to remove the produced heat when 
activity particles distributed on the surface of catalyst [5-9]. Thus the preparation method and Ru loading 
have effect on the activity and selectivity of egg-shell catalyst.  
2. Experimental 
2.1 Reagent and Apparatus  
Catalyst support is J-Al2O3 (Particle size, 5-8mm). Activity precursor is hydratedru-thenium 
trichlorfde (Ru loading, 37 wt.%, analytical, Shanghai Jiuyue chemical industry). CO chemisorption was 
measured by AutoChem҈2920(American micromeritics instrument company). Reaction gas component 
and content were detected by gas chromatography (Agilent GC 6820).  
2.2 Catalyst preparation 
The J-Al2O3 support was calcined in muffle at 350 qC for 12 h for desiccation. The supported Ru 
catalyst was obtained by incipient wet impregnation method. The support was impregnated with aqueous 
solution of containing a certain amount of RuCl3 at room temperature. Then it was dried at 110 0C for 12 
h and calcined at 350 and 550 0C for 3 h. Before testing the catalysts, it was washed with de-ionized 
water until Cl- could not be detected by 10wt% AgNO3 solution, then drying again at 110 0C for 4h. 
When impregnation for three times, the RuCl3 solution content was also decreased for each solution.    
2.3 Catalysts Evaluation 
Experiments were carried out in a stainless steel tube reactor with inner diameter (I.D.) of 22 mm at 
atmospheric pressure [10]. The reactant gas, i.e. simulated reformate, is prepared by mixing pure cylinder 
gases whose flow rates are controlled by mass flow controllers. The dry gas is introduced into the 
evaporator, where it mixes with water injected by a precision liquid pump, and then the mixture flows 
into the reactor. Pipe between the evaporator and the reactor is heated up to above 100 0C to prevent 
steam condensation. Reactor temperature is controlled by a PID controller combined with an electric 
heater. After condensed in the gas-water separator, a small part of the outstream with the flow rate of 
about 30 ml/min is introduced as sampling gas into a gas analyzer, and the residual is discharged to the 
vent. Here, a chromatogram (GC6820, Agilent Technologies) with TCD and FID detector is employed 
and the contents of H2, CO2 and CH4 are measured by TCD. For CO content measurements, TCD is used 
if CO content is above 1000 ppm, while FID is used if CO content below 1000 ppm. 
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The catalyst volume is about 30 ml. The mixture gas is comprised with 75% H2, 5% CH4, 1% CO, 
19% CO2 for dry gases with the gas space velocity of 2500 h-1. Ratio of dry gases and water gas is 1:3.
3. Results and discussions 
Activity and selectivity are the most important factors for catalyst performance. In this paper, activity 
temperature (Ta) is defined as the temperature when CO removal reached 90%. Selectivity temperature 
(Ts) is defined as the temperature when CO2 conversion reached 5%. In order to keep the efficiency and 
economy for power system, the catalyst activity should be more than 90%, at the same time; CO2 
conversion should be lower than 5%.  
    Besides, it is better to control for the wide working temperature breadth ('T=Ts-Ta). This is, the 
catalyst with wide working temperature breadth could well remove CO steadily in large temperature 
range cause by variations of operating point. The effect of impregnation times, calcinations temperature 
and water wash on catalyst performance are investigated in this paper.   
3.1 Effect of Ru loading on catalyst performance 
Fig.1 gives the effect of outlet temperature on outlet CO content over catalyst with different Ru 
loading. Experiment results show that catalyst activity increases with the increasing of Ru loading from 
0.2 wt.% to 0.8 wt.%. When Ru loading is more than 0.8 wt.%, the catalyst activity increases in a small 
degree. They nearly have the same activity for the catalysts with Ru loading of 0.8 wt.%, 1.6 wt.%, 2 
wt.%.  
CO outlet content firstly decreases and then increase with the increasing of inlet temperature over the 
catalyst with the same Ru loading.  At low temperature, methanation of CO mainly occurs. But when 
reaction temperature is high, as the presence of CO2 and H2 in the reactant gas mixture, the reverse 
reaction of CO water gas shift develops gradually [10]. So the lowest CO content appears at the certain 
temperature, not at high or low temperature.  
 
 
 
 
 
 
 
 
 
 
Fig.1 Effect of inlet temperature on outlet CO content over catalyst with different Ru loading  
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Fig.2 gives the effect of inlet temperature on CO2 conversion over catalyst with different Ru loading. 
When reaction temperature is lower than 260 °C, CO2 conversion is very low over all listed catalyst. 
When temperature is higher than 260 °C, CO2 methanation occurs obviously. CO2 methanation activity 
increases with the increasing of Ru loading. The temperature is 350, 328, 300, 289, 270 °C respectively 
when CO2 conversion reaches 5% for catalysts with Ru loading of 0.2%, 0.4%, 0.8%, 1.6%, 2.0%, which 
indicates that it is easy to take runaway phenomenon for catalyst with high Ru loading.   
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 Effect of inlet temperature on CO2 conversion over catalyst with different Ru loading 
According to definition, we could obtain the activity and selectivity temperature for different catalysts 
from Fig. 1 and 2. As Fig. 3 showed, selectivity temperature decreases with the increasing of Ru loading.  
Activity temperature decreases sharply when Ru loading lower 0.8%, then slightly when Ru loading from 
0.8% to 1.6%.  The largest temperature breadth (62°C) could obtain when Ru loading is 0.8%. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 Activity and selectivity temperature over catalysts with different Ru loading  
3.2 Effect of impregnation times on catalyst performance  
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Table 1 lists the catalyst activity, selectivity temperature, temperature breadth and lowest value of 
outlet CO over catalysts prepared by different method, in which Ru loading is 0.8%. The performance of 
catalyst prepared by impregnation for three times is better than that for one time.  
Table 1 Effect of impregnation times on Ru/Al2O3 catalyst performance 
Impregnation 
times 
Ta/
ć 
Ts 
/ć 
ƸT 
/ć 
Outlet 
CO 
/ppm 
CO chemisorption/ml/g 
1 280 312 32 102 0.041 
3 238 275 37 33.8 0.048 
 
When active metal concentration is high, the solution is easy to permeate into the support inner pores 
cased by capillary pressure because of the large concentration gradient between surface and inner of 
support. Then it is difficult to form egg-shell catalyst [11].  In the H2-rich reforming gas mixture, the 
reactions of CO methanation, CO2 methanation and reverse CO water gas shift could occur at the same 
time. In order to keep CO preferentially methanation to avoid side reactions, it is better to react and 
diffuse quickly on the catalyst surface, which could timely remove reaction heat on the catalyst surface to 
improve reaction selectivity.  
On the other hand, when precursor solution concentration is high, thus metal dispersion is low, which 
leads catalyst activity to be low.  In fact, CO chemisorption shows that the amount of CO chemisorption 
on catalysts prepared by three times impregnation is higher than that by one time impregnation.   
3.3 Effect of calcination temperature on catalyst performance 
Table 2 gives the performance of catalysts calcined at 350, 550 °C respectively. With increase of 
calcination temperature, catalyst activity decreases obviously. With the increase of calcination 
temperature, catalyst activity and the amount of CO chemisorption decreases notably, while the 
temperature breadth nearly has no change. The outlet CO lowest value is about 50 ppm for the catalyst 
calcined at 550 °C, which is nearly 20 ppm higher than that at 350 °C. The deactivation of catalyst 
calcined at high temperature is mainly caused by the sintering of catalyst at 550 °C, leading to the 
increasing of active particles size.   
Table 2 Effect of calcination temperature on performance of catalyst 
Calcination temperature/ć Ta 
/ć 
Ts 
/ć 
Outlet CO/ppm CO chemisorption/ml/g 
350 238 275 33.8 0.048 
550 260 300 50.6 0.031 

3.4 Effect of washing on catalyst performance  
Usually, it couldn’t make all RuCl3 change into Ru2O3 at 350 °C. In fact, AgNO3 titration experiment 
shows that there is still a mount of Cl element existing in the catalyst after calcined at low temperature. Cl 
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element will have a negative impact on catalyst activity. On the other hand, when Cl is reduced by 
hydrogen, it will form HCl, which could give the serious corrosion on system tubes.  
 
Table 3  Effect of washing on catalyst performance 
Washing Ta/ć Ts/ć ƸT/ć Outlet CO/ppm 
Yes 232 287 55 22.5 
No 238 275 37 33.8 
 
As shown in Table 3, the working breadth increases in large degree for the catalyst after washed by 
de-ioned water, and outlet CO content could be lower than that before washing. The activity for the 
catalyst without washing is low as exist of Cl element, which occupied the active sites of Ru/Ȗ-Al2O3 
catalyst and decreased the electron cloud density.
4. Conclusion 
CO preferential methanation catalyst for CO deep removal in H2-rich gas reformat was prepared in this 
paper, which is suitable for H2 production in distributed PEMFC system. The influences of active metal 
loading and catalyst preparation method on catalyst performance were investigated. The catalyst was 
found to possess good activity, selectivity and temperature breadth, The optimal condition found was that 
the catalyst was impregnated by three times, calcined at low temperature, and then washed with de-ioned 
water with Ru loading of 0.8%. It is helpful to increase activity and selectivity for increasing the Ru 
loading and the dispersion on the surface of catalyst. 
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